ABSTRACT
INTRODUCTION
However, there is no direct physical evidence to date showing that such simple 122 competition occurs in the S. cerevisiae GAL gene switch.
123
Here we report the results of in-vitro molecular studies and spinning disk confocal 124 fluorescence imaging of live yeast cells showing that Gal3 interaction with Gal80 reduces 125 levels of Gal80 self-assemblies. Additionally, we report novel intra-nuclear clusters of 126 Gal80 that dissipate under conditions where Gal3 binds to Gal80. We propose that the 127 Gal3-mediated decrease in Gal80 multimers revealed by these studies represents a 128 mechanistic event leading to relief of inhibition of Gal4. Our proposal is consistent with 129 the data of others pointing to a correlation between the Gal80 self-association interactions 130 and inhibition of Gal4 (28). 
MATERIALS AND METHODS

145
Yeast strains and plasmids: 146 Yeast strain Sc952 LacOx64::LEU2 (P GAL1 -GST)x8::Kan r gal4Δ::NAT) was used for the in-vivo microscopy 148 assays of Gal80-Gal80 and Gal80-Gal3 interactions. Sc952 was derived from yeast strain 
LYS2::P GAL1 -HIS3 gal4Δ::LEU2).
156
The plasmids used in this study were generated using standard molecular 157 cloning and PCR techniques. A more detailed description for construction of each 158 plasmid will be provided upon request. A list of all the plasmids can be found in the table   159 below. at 3000 x g with the beads, and the beads were washed once with lysis buffer with or 203 without galactose. The final pellets were subjected to SDS-PAGE, and were assessed on 204 a western blot probed with a 1:5000 dilution of anti-Gal80 (VVA883 from Simpson lab,
CEN ARS1 URA3 P ADH2 -DBD-GAL80 CEN ARS1 URA3 P ADH2 -DBD-GAL3 CEN ARS1 URA3 P ADH2 -DBD-GAL80-GFP CEN ARS1 URA3 P ADH2 -DBD-GAL3-GFP
205
Janelia Farm Research Campus, HHMI) and 1:1000 dilution of anti-Gal3 (#138).
206
Protein expression and purification:
207
Affinity purification was used to purify 6xHis tagged Gal3 and Gal80. Gal80 208 from pXT49, Gal3 from pXT52, 6xhis-Gal80 from pClaks82 and 6xhis-Gal3 from 209 pAKS123 were expressed in the Rossetta (DE3) strain using standard protocols. The cells 210 were resuspended in 45 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl and 10 mM 211 imidazole, pH 8.0) with one tablet of protease inhibitor cocktail (Roche) and were lysed 212 in a French press with pressure of 1200 psi. reduces Gal80 self-association we performed co-immunoprecipitation assays (co-IP).
267
Yeast extracts containing HA-Gal80 and Gal80-2mYFP and plus or minus galactose were 268 incubated with E. coli extracts containing wild type (WT) Gal3, or no Gal3, or a mutant 269
Gal3 (H199R) that is defective in Gal80 binding (15). Approximately two-fold less 270
Gal80-2mYFP was co-precipitated with anti-HA Ab-conjugated agarose beads under 271 conditions favoring Gal3-Gal80 interaction compared to conditions that did not ( Figure   272 1). Importantly, we detected Gal3 in the co-precipitates only in the presence of galactose.
273
These results suggest a mechanism whereby Gal3 binding to Gal80 reduces Gal80 self-274 association and/or the stability of pre-existing Gal80 oligomers. 
283
While the mobility of the most prominent band was consistent with the molecular weight 284 of Gal80 dimer, the dimer is not necessarily the most populated quaternary Gal80 species 285 under native conditions, as it requires only one cross-link to yield dimers but more than one to capture higher order oligomers. Nevertheless, we also observed species with 287 mobilities consistent with higher order multimeric species. We nominally label these as as a new band corresponding to the expected size of a Gal3-Gal80 heterodimer appeared.
292
Next, we wanted to verify that the gradual disappearance of Gal80 oligomers and 293 corresponding appearance of Gal3-Gal80 complex was a consequence of Gal3-binding 294 to Gal80. We addressed this by performing similar cross-linking experiments using the 295 Gal3-E116G mutant that does not bind to Gal80 (15). For comparing the mutant to WT
296
Gal3 we had to use tagged Gal3 proteins, 6xHis-Gal3-E116G and 6xHis tagged WT
297
Gal3 (6xHis-Gal3), because the mutant molecules could not be purified by binding to 298 6xHis-Gal80. As expected, cross-linked 6xHis-Gal80 oligomers were diminished in 299 presence of 6xHis-Gal3 ( Figure S1A ), but not in presence of 6xHis-Gal3-E116G ( Figure   300 S1B). These gels did not exhibit a distinct band corresponding to the cross-linked Gal3-
301
Gal80 complexes like we observed for untagged Gal80 and Gal3 molecules. We do not 302 know the basis for this. Perhaps 6His-Gal3-6His-Gal80 complexes migrate similarly to 303 Gal80-Gal80 complexes and are obscured on the gel. Alternatively, the 6xHis tags on
304
Gal3 and/or Gal80 might inhibit cross-linking of the two species.
305
Native gels also showed a reduction in Gal80 self-association in response to 306 formation of Gal3-Gal80 complexes. Two separate binding reaction series were carried 307 out in which [Gal3] was increased against a constant 2.5 μM of Gal80 ( Figure 3A ). We 308 detected Gal80 oligomers on 4-16% gradient non-denaturing polyacrylamide gels containing ATP and galactose ( Figure 3A ). These oligomeric species of Gal80 310 diminished in response to increased levels of Gal3, while a new mobility species 311 appeared. The mobility of this newly appearing species corresponds to that expected of a
312
Gal3-Gal80 heterodimer, the galactose/ATP-dependent Gal3-Gal80 complex first 313 detected by analytical filtration chromatography (42). We cut out the newly appearing 314 band (marked 80-3 in Figure 3A ) and applied it to SDS PAGE. We found that the cut out 315 band contained two polypeptides; one had the expected size of Gal80 and the other had 316 the expected size of Gal3 ( Figure 3B ).
317
When we repeated the native gel analysis with the Gal80 S-2 variant that does not 318 bind to Gal3, we did not observe a decrease in the levels of the Gal80 oligomers and a
319
new band corresponding to Gal3-Gal80 complexes ( Figure 3C) . Surprisingly, in 320 comparing the two gels, the Gal80 S-2 showed more prominent higher order oligomers 321 than did wild type Gal80 ( Figure 3A and 3C). To verify this observation, we ran both 322 wild type Gal80 and Gal80 S-2 on the same precast 4-20% BN-PAGE gel. Again, the 323 Gal80 S-2 mutant showed more prominent higher order oligomers than did WT Gal80
324
( Figure S2 ). substantial cell-to-cell variation, which might be attributed to the variation in the 343 plasmid-based expression levels of Gal80-2mYFP and Gal3-mCherry in each cell,
344
indicating the sensitivity of these molecular interactions to cellular Gal80-Gal3 ratio.
345
Galactose did not affect the intensity of the DBD-Gal80-Gal80-2mYFP spots in cells 346 expressing no Gal3 protein ( Figure S4A ), and Gal3-GFP co-localized with LacI-mCherry 347 at the array only in galactose treated cells ( Figure S4B ). These results along with the 348 results of our in-vitro assays above provide strong evidence that Gal3-Gal80 complexes 349 arise at the expense of Gal80 self-association in live cells. presence of cycloheximide at levels that prevent protein synthesis (data not shown).
350
Nuclei of live cells display clusters of Gal80-2mYFP that dissipate in response to
361
When the galactose was removed after dissipation of clusters, the clusters reappeared expressing Gal80 S-2 -2mYFP (Sc857) ( Figure 5C ) or in the gal3 deletion strain (Sc858)
364
( Figure 5D ). Furthermore, when a mutant of Gal3, Gal3 C -D368V, which is capable of 365 binding to Gal80 in the absence of galactose (6), was expressed in the gal3 deleted cells
366
(Sc858), we did not detect clusters in glycerol-lactic acid medium ( Figure S5C ). On the 367 other hand, the same host strain with a variant of Gal3 (Gal3D111C) that does not bind to
368
Gal80 exhibited Gal80 clusters even 2 hours after addition of galactose ( Figure S5D ).
369
Thus, these results revealed that there is a coalescence of Gal80-2mYFP within sub-370 nuclear regions in the absence of galactose and that these clusters are dispersed in 371 response to galactose-triggered Gal3-Gal80 interaction. complexes at the expense of Gal80 oligomers.
400
Our in-vivo data was obtained using fluorescence microscopy of live yeast cells 401 that contain a UAS GAL array and express two interacting forms of Gal80; Gal80-2mYFP
and DBD-Gal80. The Gal80-2mYFP is known to retain all normal Gal80 regulatory 403 functions (19), and the DBD-Gal80 binds to the UAS GAL site, Gal4 and Gal3 (33) . Using 404 such cells we observed galactose-and Gal3-dependent dissociation of Gal80-2mYFP
405 from UAS GAL -associated DBD-Gal80. Gal3-mCherry association with DBD-Gal80 at 406 the array followed the dissociation of Gal80-2mYFP closely. We do not know the Gal80. Given that at least a single DBD-Gal80 dimer is expected to remain at each 417 UAS GAL site within the array under galactose conditions, the Gal3-mCherry fluorescent 418 dot we observe is likely due to either one or two Gal3-mCherry molecules bound to each 419 DBD-Gal80 dimer.
420
Taken together, our in-vitro and in-vivo experiments provide compelling evidence 421 that Gal3 binding to Gal80 reduces the levels of Gal80 dimers and multimers. the idea that Gal80 self-association assemblies play a physiological role in the GAL gene switch. By extension, we propose that Gal3's effect on the levels of Gal80 dimers and 448 oligomers is an important mechanistic event in the galactose-triggered activation of Gal4.
449
Our discovery of Gal80 intra-nuclear clusters and their dissipation by galactose- order self-assemblies of Gal80. We further postulate that it is because of the higher order 457 assemblies that we were able to detect Gal80-2mYFP. Indeed, our photon-counting data 458 estimated 40 to 60 Gal80-2mYFP molecules per cluster, consistent with higher order
459
Gal80 self-assembly hypothesis. Further work will be required to determine whether
460
Gal80 lacking a YFP tag also forms similar intra-nuclear clusters. We did not observe
461
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